Catalytic quantities of bismuth(III) triflate efficiently initiate the rearrangement of epoxides to aldehydes, which subsequently react with (Z)-δ-hydroxyalkenylsilanes to afford 2,6-disubstituted 3,6-dihydro-2H-pyrans. Isolated yields of desired products using Bi(OTf) 3 were compared with yields obtained when the reactions were run with TfOH and TMSOTf in the presence and absence of several additives. These studies, as well as NMR spectroscopic analyses, indicate an initial Lewis acid/base interaction between Bi(OTf) 3 and substrates providing TfOH in situ.
' INTRODUCTION
A variety of bismuth compounds have been used in organic reactions over the last 10À15 years because of low toxicities, a wide range of reactivities, and low cost. 1 Catalytic quantities of Bi(III) compounds are effective in promoting allylations and cyanations, 2 etherification, 3 DielsÀAlder, 4 and protection/deprotection reactions. Furthermore, asymmetric total syntheses of leucascandrolide, 5 centrolobine, 6 mucocin, 7 and bistramide C 8 have included Bi(III)-mediated sequences. As part of a program to increase the uses of Bi(III) in the synthesis of cyclic ethers, we have described two-and three-component reactions toward tetrahydropyrans 9 and dihydropyrans 10, 11 using catalytic quantities of bismuth bromide (BiBr 3 ) at room temperature. Extension of this work to a cascade reaction involving epoxide rearrangement 12 followed by a tandem addition/silyl-Prins reaction is reported herein along with comparisons of BiX 3 (X = Br, OTf), trimethylsilyltrifluoromethanesulfonate (TMSOTf), and trifluoromethanesulfonic acid (TfOH) as initiators/catalysts. Although a wide variety of protocols have been used for the synthesis of dihydropyran ring systems, the Prins 13 and silyl-Prins 14 reactions remain widely used and studied. Dobbs' InCl 3mediated synthesis, 15 Rychnovsky's segmented Prins reaction, 16 and Mark o's intramolecular silyl-modified Sakurai reaction (ISMS) 17 are all chemically related to the BiBr 3 -mediated reaction shown in eq 1. 11 Despite the drastic increase of Bi(III) salts in synthesis, debate continues over their exact role in catalytic cycles. Several authors have noted that Bi(III) salts generate Brønsted acids in situ, 18 whereas Shibasaki et al., 19 Kadam and Kim, 20 and Kobayashi and co-workers 21 propose that the bismuth is acting as a Lewis acid in amination, substitution, and asymmetric Mukaiyama aldol reactions, respectively. In addition, both Cook 22 and Donnelly 23 report that allylic halide substitution reactions occur readily in the presence of catalytic quantities of bismuth compounds and attribute the success of these reactions to the Lewis acid character of Bi(III). 24À26 The Lewis acidic nature of Bi(III) compounds is usually attributed to the tendency for expanded coordination, the availability of unoccupied orbitals (BiÀX σ* and d), and the presence of electronwithdrawing atoms or groups bonded to the metal center. 1f, 27 Finally, Lambert and co-workers recently proposed a mechanism for furan synthesis in which in situ production of TMSOTf participated in a multicatalytic system along with TfOH and bismuth triflate (Bi(OTf) 3 ). 28 In order to both expand the repertoire of reactions that Bi(III) compounds catalyze as well as investigate the role(s) of this metal ion, we chose to examine the cascade reaction shown in eq 2. Epoxides add versatility to the synthesis, since they are common, useful reagents which are easy to handle and prone to neither aldol condensations nor oxidation to the corresponding carboxylic acids during storage. Although a limited number of examples have been implied for this type of reaction with InCl 3 , 15 to the best of our knowledge, no expanded studies or ' RESULTS AND DISCUSSION Comparison Studies. Prior to attempting the complete onepot synthesis, we studied the effect of different catalysts with differing ratios on the tandem cyclization (Table 1) . Although the triethysilyloxy analogues of (Z)-δ-hydroxyalkenylsilanes 1 were attempted first, the Bi(OTf) 3 -mediated reactions afforded more complex mixtures than those conducted with BiBr 3 . Therefore, the free alcohol version of the (Z)-δ-hydroxyalkenylsilane 1 was added to phenylacetaldehyde (2a; product which results from epoxide rearrangement of styrene oxide), giving 6-benzyl-2butyl-3,6-dihydro-2H-pyran (3a) as the final product (Table 1) . Each reaction was carried out with both 1 and 5 mol % catalyst. The following catalysts were chosen for comparison: TfOH, Bi-(OTf) 3 3 nH 2 O prepared according to Dubac's method, 29 and both Bi(OTf) 3 and BiBr 3 obtained from Sigma-Aldrich, Inc. Triflic acid was chosen because of its potential production from the hydrolysis of bismuth triflate (eq 3). 30
Both the Bi(OTf) 3 3 4H 2 O synthesized in this work and the commercially available Bi(OTf) 3 gave moderate yields of the desired dihydropyran product 3a at 1 mol % loading. When the catalyst loading was increased to 5 mol %, bismuth triflate afforded good yields of 3a. The increased yield could be due to either an increased amount of Bi(OTf) 3 as a Lewis acid or the formation of an increased amount of triflic acid produced in situ from hydrolysis of bismuth triflate.
After establishing that Bi(OTf) 3 can be used for the tandem addition/ISMS sequence, we once again examined both triethylsilyl-protected and unprotected (Z)-δ-hydroxyalkenylsilanes in the cascade involving epoxide rearrangement, intermolecular addition, and an intramolecular silyl-modified Sakurai (ISMS) sequence. We again compared BiBr 3 , Bi(OTf) 3 , and TfOH as catalysts/initiators ( Table 2) .
As with the reactions in Table 1 , reaction of the unprotected (Z)-δ-hydroxyalkenylsilane 1a with styrene oxide (4a) and isobutylene oxide (4b) afforded fewer of the problematic silane byproducts (e.g., disiloxanes, TES-O-TES, TMS-O-TES, and TMS-O-TMS as well as unidentified silanes). Although efficient for reactions between δ-silyloxy-11 or δ-hydroxyalkenylsilanes and aldehydes, BiBr 3 failed to induce initial epoxide ring opening to give the aldehyde needed for the addition/ISMS sequence. As confirmed by NMR spectroscopic analysis, the starting materials predominantly remained after 12 h for the reaction run with 5 mol % BiBr 3 . This indicates that BiBr 3 (or HBr) is not a strong enough acid to facilitate the rearrangement.
In contrast, bismuth triflate promoted the epoxide rearrangement followed by the addition/ISMS cascade to afford 3,6dihydro-2H-pyrans 3a,b in 40À59% isolated yields. As with the reactions between δ-hydroxyalkenylsilanes and aldehydes ( Table 1 , vide supra), TfOH also initiated the cascade reaction sequence ( Table 2 ) and, in the case of styrene oxide, afforded DHP 3a in 78% isolated yield.
Since a number of authors argue that TfOH is the real catalyst in Bi(OTf) 3 -mediated reactions, we synthesized 15 2,6-disubstitued-3,6-dihydro-2H-pyrans using both Bi(OTf) 3 3 nH 2 O and TfOH as catalysts/initiators (Table 3) . At least 2 equiv of TfOH is possible from hydrolysis of each Bi(III) salt (eq 3); therefore, 5 mol % Bi(OTf) 3 3 nH 2 O and 10 mol % TfOH were compared directly. In most cases, the yields of isolated, pure products were similar for Bi(OTf) 3 3 nH 2 O and TfOH. Regardless of its actual role in the catalytic cycle, however, stable, easily handled Bi(OTf) 3 3 nH 2 O provides a convenient, practical alternative to corrosive and dangerous TfOH.
Reaction Scope. We evaluated the utility of the protocol by testing a variety of substrates under the developed reaction conditions (Table 3) . Phenyl, halogenated aryl, and 1,1-dialkyl The cis relative stereochemistry was further confirmed by X-ray crystallographic analysis of the isolated product 3e, shown in entry 5 of Table 3 (see the Supporting Information). The diastereoselectivity is in agreement with the stereochemistry reported by Dobbs and co-workers in their InCl 3 -mediated study 15 and is consistent with that reported by Speckamp's group 14e and Rychnovsky and co-workers in other Prins-type reactions. 13b, 16 The overall mechanism (Scheme 1) involves intermolecular attack of an alcohol (or silyloxy) oxygen on an activated aldehyde or ketone, formation of oxocarbenium ion A (2,6-substituents pseudoequatorial), and intramolecular attack of pendant π electrons to afford an intermediate carbocation which either deprotonates for X = H (Prins) or loses silane for X = SiMe 3 (silyl-Prins) to form a dihydropyran product.
The moderate yields as well as the formation of several unidentified byproducts prompted the examination of crude reaction mixtures to determine alternative reaction pathways which were detracting from desired products. The lowest yields invariably resulted when trans-stilbene oxide (4c) was used as an aldehyde surrogate. Despite the efficiency of the stilbene oxide rearrangement to 2,2-diphenylacetaldehyde (99%), this epoxide afforded low yields of DHP products 3 regardless of the (Z)-δhydroxyalkenylsilane 1 to which it was subjected ( Table 3 , entries 3 and 5). The low yields are likely due to steric hindrance within the intermediate (Figure 1 ) necessary to achieve the requisite silyl-Prins cyclization. We observed the same low yields when bypassing the epoxide rearrangement altogether and conducting the addition/ISMS reaction with freshly purified 2,2-diphenylacetaldehyde. 31 The reaction shown in entry 7 of Table 3 resulted in a mixture containing 3g and a minor amount of an inseparable second dihydropyran (Scheme 2, G). As reported by Rychnovsky and co-workers, immediately following the formation of oxocarbenium ion A there is competition between the π electrons of the olefin and other molecules with nucleophilic character (e.g., H 2 O) for attack of the electrophilic carbon. Reaction of the GC-MS analysis of dihydropyran 3g, however, showed no change after exposure to catalyst, indicating that once the silyl-Prins step is complete, no further rearrangements or exchanges occur. 32 Probing the Role of Bi(OTf) 3 . In an effort to explore the nature of Bi(OTf) 3 in the overall reaction scheme, experiments were run using a number of additives (Table 4 ). Initial studies focused on the production of HBr and TfOH in situ. 33 Consistent with the hypothesis that the purported Lewis acid acts as a source of HX, which in turn functions as the catalyst or initiator, addition of 15 mol % of the hindered, non-nucleophilic base 2,6-di-tert-butyl-4-methylpyridine (DTBMP) completely suppressed the reaction (entries 2, 3, 7, 14, and 15). 30a Given Ollevier and co-workers' report that DTBMPÀTfOH efficiently catalyzed the three-component Mannich reaction, 34 we added 5 and 10 mol % of this salt to a solution of the epoxide and (Z)-δhydroxyalkenylsilane (entries 10 and 11). This resulted in no observable reaction. To confirm the efficacy of DTBMP as an acid scavenger, all reactivity was suppressed when the protocol was run with TfOH as the catalyst (entry 15).
Adventitious water was eliminated by running the reaction with both 3 Å and 4 Å activated molecular sieves. Neither of these had any effect on the reaction, resulting in moderate yields of product (entries 5, 6, and 9). If the Lewis acid had been producing the active catalytic species (HX) through hydrolytic interactions with adventitious H 2 O, then presumably both the sieves and acid scavenger would have suppressed the reaction.
As shown in Scheme 3, a Lewis acid/Lewis base interaction between Bi(III) and the hydroxyl group on the (Z)-δ-hydroxyalkenylsilane could explain the inability of molecular sieves to suppress the sequence. To confirm that adventitious water alone does not contribute to the in situ production of TfOH, we stirred a suspension of Bi(OTf) 3 3 nH 2 O in CH 2 Cl 2 for 30 min and filtered the solids through a 0.2 μm PTFE syringe filter. The resulting solution failed to induce rearrangement of the epoxide or the addition/ISMS sequence ( Table 4 , entry 8). The Lewis acid/Lewis base coordination results in the loss of a ligand ( À OTf) from the bismuth compound and produces TfOH in situ. Consistent with the observed experimental results, molecular sieves would have no effect on the reaction under this model, while DTBMP would neutralize any HX produced by either simple hydrolysis or the interaction of substrate with Bi(OTf) 3 .
Due to Lambert and co-workers' hypothesis 28 that Bi(OTf) 3catalyzed reactions afford TMSOTf and that both species are participating in the overall mechanism, we initially presumed that TMSOTf was the active species, since at 10 mol % it promotes the reaction to afford product in moderate yield ( Table 4 , entry 13). Additionally, desilylation of (Z)-1-(trimethylsilyl)oct-1-en-4ol (1a) occurs readily in the presence of TfOH to produce TMSOTf in situ. Only after addition of excess acid do reactions other than protodesilylation occur and cause significant decomposition of the starting material; this most likely occurs through formation of carbocationic intermediates from protonation of the hydroxyl moiety, as proposed by Keramane et al. in mechanistic studies of BiCl 3 -catalyzed chlorination reactions of benzylic alcohols 35 and the benzylation of alcohols. 36 In both of these cases, however, the authors argue that the Bi(III) atoms are acting as Lewis acids.
At 10 mol % loading levels, TMSOTf, Bi(OTf) 3 3 H 2 O, and BiBr 3 all promote the protodesilylation (GC-MS) of the olefin, generating TMSBr or TMSOTf in situ (eq 4). Since all reactivity ceases when the Lewis acid TMSOTf is added in the presence of DTBMP, Brønsted acid (TfOH) must be the actual catalyst. Any protodesilylation of the starting material results only in a small amount of TMSOTf as a byproduct.
A number of NMR experiments were also performed to further validate that the reaction is catalyzed by triflic acid. We found that Bi(OTf) 3 3 nH 2 O is insoluble in CD 2 Cl 2 at room temperature even when H 2 O is present in small, but detectable, amounts in the NMR solvent. No resonances were observed in the 1 H, 19 F, or 13 C NMR spectra, even with prolonged acquisition times. If any Bi(OTf) 3 3 nH 2 O is slightly soluble, it is below the limit of detection in NMR spectroscopic experiments.
Scheme 3. In Situ Generation of Ionic Triflates by Interaction of Substrates and Bi(OTf) 3
The Journal of Organic Chemistry ARTICLE The signature 19 F peaks for TfOH (À76.3 ppm), TMSOTf (À77.4 ppm), and Bu 4 N +À OTf (À78.7 ppm) were determined using authentic standards. Upon addition of either alkenylsilane or styrene oxide to both 5 and 10 mol % Bi(OTf) 3 in CD 2 Cl 2 , a 19 F peak was observed corresponding to the triflate anion (À78.8 ppm). This same resonance was observed when either substrate was subjected to 10% TfOH and 10% TMSOTf.
To further test the argument that the water present in the Bi(OTf) 3 3 nH 2 O simply reacts in the reaction medium to afford TfOH in situ, a suspension of bismuth triflate was stirred rapidly at room temperature in CD 2 Cl 2 for 90 min under an argon atmosphere. The suspension was then filtered through a plug of fine glass fibers to remove the suspended solids but to allow dissolved species to remain in solution. Unlike the case in which phenylacetaldehyde was added directly to an unfiltered suspension and underwent some aldol reaction, addition of the same aldehyde to the filtered solvent showed no propensity to react. When a similar experiment with filtered Bi(OTf) 3 3 nH 2 O was performed with the alkenylsilane, no desilylation was observed even after 48 h at room temperature. These two experiments once again indicate that intimate contact of the organic substrates and bismuth salt is necessary to activate the suspended Bi(OTf) 3 and facilitate dissolution of the solid to afford TfOH, which catalyzes either reaction. Therefore, the Lewis acidity of Bi(OTf) 3 does play an important role in the tandem reaction, even though the bismuth compound is not the catalytic species.
The observance of the triflate anion peak is likely due to the presence of an ion pair with the triflate anion acting as the counterion to the protonated substrate (see Scheme 4, vide infra). In order to further assess this possibility, we dissolved cyclohexanol in CD 2 Cl 2 and then added 10 mol % Bi(OTf) 3 followed by 10 mol % TfOH. Upon addition of bismuth triflate, a 19 F signal was observed at À78.9 ppm; addition of TfOH to the same tube increased the intensity of this same resonance. Similar spectroscopic signals were observed for interactions of cyclohexanone with both Bi(OTf) 3 and TfOH. As a whole, these studies provide compelling evidence that the overall reaction is TfOH catalyzed but that the Lewis acidic nature of the Bi(OTf) 3 is still important as an initiation step.
Mechanistic Considerations.
A key finding of our experiments is that a Lewis acid/base interaction between the substrates and Bi(OTf) 3 3 nH 2 O occurs prior to formation of any significant quantities of TfOH. Once catalytic quantities of TfOH are present, the reaction proceeds in the same manner as briefly explained in Scheme 1 (vide supra). As more completely shown in Scheme 4, protonation of the aldehyde electrophile is followed by attack of the hydroxyl moiety of the (Z)-δhydroxyalkenylsilane 1 to afford protonated hemiacetal I. Proton transfer and elimination of water generates the (E)-oxocarbenium ion III, which is completely analogous to intermediate A from Scheme 1. The pseudoequatorial disposition of the two side chains and pseudoaxial orientation of the silyl group 14e all favor formation of the cis-2,6-disubstituted carbocation IV, and elimination of TMSOTf provides product 3. Hydrolysis of the TMSOTf then regenerates TfOH and forms disiloxane (TMSOTMS) as a byproduct. As previously shown, oxocarbenium ion III can undergo [3, 3] sigmatropic oxonia-Cope rearrangements to provide some side-chain exchange products which are certainly more prevalent when reactions are run with Bi(OTf) 3 instead of BiBr 3 . 32a
' CONCLUSIONS
We have developed a convenient Bi(OTf) 3 -initiated cascade reaction involving epoxide rearrangement to an aldehyde electrophile, intermolecular addition of the (Z)-δ-hydroxyalkenylsilane 1, and an ISMS reaction to afford cis-2,6-disubstituted-3, 6-dihydro-2H-pyrans 3 in moderate to good yields. NMR spectroscopic evaluation of Bi(OTf) 3 in the presence of substrates indicate that Lewis acid/base interactions are necessary to liberate TfOH, the catalytic species, in solution.
' EXPERIMENTAL SECTION Materials. All reagents and substrates were used as received unless otherwise noted. Dichloromethane was distilled from CaH 2 . Trifluoromethanesulfonic acid (TfOH) was purchased from Acros Organics, Inc. Bismuth bromide and bismuth triflate were purchased from Aldrich Chemical Co., Inc. Trimethylsilyltrifluoromethanesulfonate was obtained from GFS Chemicals, Inc. Bismuth triflate tetrahydrate (Bi(OTf) 3 3 4H 2 O) was synthesized from triflic acid and triphenylbismuth. 29 Compounds 1aÀd were synthesized as previously described. 9 NMR spectra ( 13 C) were recorded with the aid of an APT experiment in which methylene (2H) and quaternary carbons (0H) are even (e) and methyl (3H) and methyne (1H) carbons are odd (o). Coupling constants were determined by the method outlined by Hoye and Zhao. 37 Single-crystal X-ray determinations were carried out using a Bruker SMART Apex II diffractometer with graphite-monochromated Cu Kα radiation. Chromatography was performed using 200À475 mesh silica gel. Unless otherwise noted, all experiments were conducted under an argon atmosphere. All compounds were judged to be >95% homogeneous by 1 H NMR spectroscopy.
NMR Spectroscopy Studies. 1 H and 13 C NMR chemical shifts are reported as δ using CD 2 Cl 2 as a solvent and are referenced to dichloromethane or trimethylsilane. 19 F NMR chemical shifts are reported as δ using trichlorofluoromethane as an internal standard (δ 0.0). NMR samples were prepared by addition of 5À10% catalyst to a solution of substrate (25À50 mg), 0.75 mL of deuterated dichloromethane, and 10 μL of trichlorofluoromethane. In the case of the addition of multiple catalysts, the catalysts (10 mol % each addition) were added sequentially to the same NMR sample, recording both 1 H and 19 F spectra between additions. 
